Abstract--l. Studies of cave and camel crickets from cave entrances in Mammoth Cave National Park have produced estimates of total water budgets and component contributions to water balance. 2. Weight specific (mg/g crop-free live weight/hr) total water loss (3.200 vs 2.220) and water gained in food (2.393 vs 1.902) are greater in cave than in camel crickets, respectively.
INTRODUCTION
Vandel (1965) stated that the level of humidity is the most important environmental factor in the life of terrestrial cavernicoles and credited Bedel and Simon (1875) with first recognizing this factor. Data supporting this generalization among cavernicolous arthropods derive primarily from behavioral microhabitat selection studies (Mitchell, 1971; Edwards, 1971; Bull and Mitchell, 1972; and, Lucarelli and Sbordoni, 1977) and studies of dehydration tolerance (Mitchell, 1971; Bull and Mitchell, 1972; Wilson, 1975) . These studies suggest that cave insects tend to select microhabitats that are cool with high relative humidity. Physiologic studies of water relations in cavernicolous arthropods have dealt mostly with measures of evaporative water loss (Herreid, 1969; Vannier, 1977) . Hadley et al. (1981) , compared several measures of water and metabolic relationships between an epigean and a cave spider. Water loss rates were shown to correspond to the environmental stresses each species encountered in their normal habitat. The only aspect of water budgets that has been quantified for cave-dwelling crickets is transpiratory water losses in several Australian species (Campbell, 1980) . This study presents data on all aspects of the water budgets of two cavernicolous crickets and continues our studies of the physiological ecology of these insects (Studier ef al., 1986a,b) .
MATERIALS AND METHODS
Studies on cave crickets, Hadenoecus subterraneus, were conducted during the last week of April and first week of May, 1985, in Floyd Collins Crystal Cave and White Cave in Mammoth Cave National Park ((MCNP), Ky. Data on camel crickets, Ceuthophilus stygius, were collected primarily during the last week of June, 1985, in air were performed on both species at the caves indicated above in October.
1985. All H. subferraneus studied were adults and the C. stygius were adults or penultimate instars (T. H. Hubbell, personal communication).
Data on total water loss, water lost in wastes, water gained in food and metabolic water production were derived from the long term weight loss studies previously described (Studier et al., 1986a) . Total water loss was estimated by mean long term total body weight loss minus rate of dry waste lost. Water lost in wastes was calculated from rate of dry wastes produced assuming those wastes had the same fractional water content as cricket carcasses. EWL is estimated as total water loss minus water loss in wastes. Water gained in food was determined from rate of wet crop content disappearance adjusted by fractional water level of crop contents. Metabolic water production was converted from estimated metabolic rate assuming aerobic glycolysis.
Rate of EWL in humid air was determined for H. subrerraneus on 30 May 1985 in Floyd Collins Crystal Cave.
Saturated
solutions of specific salts (Winston and Bates, 1960) were poured into the bottom part of plastic "pie savers" (8 cm high x 30cm diameter) lined with a tightfitting, lipped, shallow (4cm high) plastic liner. A circle of screen cloth (l/4 in. mesh) rested on the lip of the liner above the solution. This apparatus was placed inside plastic garbage bags which were sealed leaving ample head room above the screening.
When checked in the cave setting (Certified Hygrometer and Temperature Indicator, Model HTAB-176, Abbeon Cal, Inc., Santa Barbara, Calif.), these devices reached constant relative humidities within 1 hr. Containers maintained relative humidities of 71, 84.5, 93.9, 98.5, and 100%. Six crickets (three females/three males) placed in cylindrical cages (4 cm diameter x 15 cm length) constructed of plastic screen cloth (l/16 in mesh), and a control (empty) cage were weighed and placed into the containers described above. After a 7-hr mid-day exposure, at a cave temperature of 13.5"C, caged crickets and the control cage were reweighed to the nearest mg (Ohaus Centogram Balance, Union, N.J.). For those crickets which did not defecate while caged, weight loss is an estimate of EWL.
Determination of EWL in dry, moving air for both species in the previously mentioned caves was carried out in October, 1985 . Materials were allowed to equilibrate with the cave environment (100% RH, 13.6-C in Crystal Cave, 100% RH, 14.o"C in Great Onyx). Compressed air, dried by flowing through silica gel, was passed at constant flow-rate (150 cc/min) over individual adult crickets of both sexes in a large (35 mm diameter x 190 mm length) test tube. Plastic screen cloth (l/16-in. mesh) lining the interior of the test tube provided secure footing for crickets. Outflow air was directed through a Row-meter (Matheson, Model No. 62 2SV) for 25min to ensure that any condensed water had evaporated and that chamber air approximated to 0% relative humidity. Outflow air was then redirected through a pre-weighted (Fisher Scientific Electronic Analytical Balance, Model 2100) column of silica gel for 1 hr. Weight gain by the silica gel represents EWL after correction for any weight changes in the control system which was treated exactly as experimental except that no cricket was contained in the chamber.
Crickets from EWL in dry air studies were sacrificed in chloroform vapor and stored individually in test tubes at 4 C for one week. Length and diameter measurements (accuracy to 0.001 in.) were taken with a caliper (Fowler Max-Cal Caliper No. 54-200-000, Fowler, Inc., Newton.
MA). Surface area was calculated for each body segment as if they were cylindrical.
Length was taken only on the longest axis of the body segment. Diameter was an average of between two and six measurements taken in various planes of each segment. Measurements were taken to include an equal number of large diameter and small diameter areas. Body segments used in surface area determinations were separated from the thorax/abdomen prior to measurement and included antennae, head, large labial and labral palps, all legs, thorax/abdomen, hind cerci and ovipositors. Total surface area was determined as the sum of the parts. Total surface area in in,? was then converted to mm?.
RESULTS

Component
and total water budgets of cave and camel crickets in still, humid air are given in Table I .
The only gender related differences are that crop-free live weight (CFLW) and total body water (TBW) of camel cricket males are greater than in females (t = 3.34; d.f. = 14; P < 0.01; and r = 3.997; d.f. = 14; P < 0.01). Since CFLW and TBW of cave crickets of both sexes (41 I + 17 mg, N = 13 and 300.1 k 1 I .9, N = 13) is significantly less than CFLW The short term weight loss study in still air of varying water content shows a significant relation between relative humidity deficit (RHD = loo-test relative humidity) and EWL (F = 3.28; d.f. = 3 and 19; P < 0.05). The least squares regression analysis gives the equation: EWL (mg!hr) = 0.116 RHD(%) + 1.26.
Since these studies were carried out at constant temperature, RHD can be converted to water vapor pressure deficit or saturation deficit and the intercept of the equation estimates EWL under water saturated conditions found in these biologically active caves. Reduced data for EWL in dry, moving air are given in Table 2 . CFLW is less than total weight in male (t = 4.61; P < 0.001) and female (t = 3.74, P < 0.01) cave crickets as well as female (t = 5.26; P < 0.001) camel crickets. 
DISCUSSION
Data derived from the long term weight loss experiment represent the most complete estimates of total water budgets and component contribution to water economy of the crickets studied. These studies also have the greatest biological applicability since they were done in caves under natural conditions. With regard to all estimates derived for H. subterraneus it is important to note that the percentage of body water did not change throughout the 5-day experimental period and weight loss during that experimental period was linear 1986a) . These data indicate that cave crickets maintained overall water balance and that components of water economy were constant throughout the period of observation. For camel crickets, however, the percentage of body water of female crickets decreased significantly (t = 6.56; d.f. = 14; P < 0.001) over the period of observation and weight loss is curvilinear throughout that same period (Studier et al., 198613) which suggest that female C. stygius were in negative water balance during the study. Furthermore, since average values were used to calculate total water budgets and component contributions for C. stygius, values shown in Table 1 underestimate levels during the first 2 days of observation and overestimate those same parameters during the last 2 days of the study period.
Weight specific rate of total water turnover (= total loss) of H. subterraneus was significantly greater than for C. stygius (Table  1 ). These differences relate to the higher surface area to mass ratio of cave crickets compared to camel crickets (Table 2 ). This greater observed relative water loss in cave crickets was expected in view of the different roosting habits of the two species. Cave crickets roost individually or in loose groups in deeper cave regions where ambient humidity is higher and more constant than those areas at the cave entrance occupied by camel crickets. Camel crickets often roost in tight clusters or wedged individually in tight cracks in the ceiling. Additionally, the cuticle of cave crickets seems to be thinner, more elastic and appears to be a less effective barrier to water flux than that of camel crickets. Camel crickets are very shiny compared to cave crickets, suggesting the presence of more epicuticular lipids. Camel crickets also routinely forage outside caves more frequently than cave crickets (Campbell, 1976; Leja and Poulson, 1984) . Our October observation that male C. stygius had empty crops while females didn't (i.e. total weight of males was not significantly different than CFLW, Table 2 ) is interesting in view of the routine nightly exodus of this species. Empty crops in males indicate lack of feeding exodus for several days (Studier et al., 1986b) . Many camel crickets were observed in copulo in October and the active breeding period in C. scygius appears to be much more time restricted than in H. subtevvaneus due to the more seasonal appearance of adults. Male C. stygius behavior of remaining in the cavern entrance rather than emerging to feed may increase the likelihood of successful copulation with females as they return from foraging bouts.
We have been unable to locate any literature values for arthropods for comparison purposes where total water loss includes more than EWL. Sufficient data in a variety of mammals have been accumulated to yield an allometric equation relating total water loss to body mass (Altman and Dittmer, 1968) . Estimated total water loss projected for mammals the size of cave and camel crickets would be 209.9 and 243.4 mg/g live weight per hr, respectively. These are two orders of magnitute greater than values found in crickets (Table 1) .
In view of the very low metabolic rates of H. subtervaneus and C. stygius in comparison to expected values of insects for their size (Studier et al., 1986a,b) , metabolic water production in these trogloxenic insects may prove to be a lesser source of water gain than in epigean species.
There are marked differences in the contributions of water balance components to the total water budgets in the two species. In cave crickets, EWL is 72.1% of total losses while EWL represents only 60.9% of total losses in camel crickets, Water lost in wastes contributes 29.4 and 40.3%, respectively, to total losses. The significantly greater water gain from food by cave crickets can probably be attributed to the fact that full cave crickets contain a greater mass of crop contents than camel crickets (Studier et al., 1986a,b) . Wharton (1985) in his recent review of water balance in insects, discussed weight loss over time experiments including advantages and disadvantages of utilizing a single group of animals weighed successively as opposed to randomly selected animals exposed for each time period of interest. In that review, Wharton also points out that such weight loss experiments are characteristically performed on experimental animals which are standardized in such a manner that they do not eat, excrete, secrete, grow, or reproduce during periods of exposure to test conditions of controlled ambient temperature and (usually 0%) relative humidity.
Although not included in Wharton's standardization list, tested insects are also allowed very limited mobility. Such studies provide a large literature allowing comparison of only EWL in many insects and measure an extreme physiological response to dehydrating conditions which have little direct biological applicability to water balance under natural or quasi-natural conditions.
We have determined EWL for both cricket species in the natural, wet, still air environment existing in caves (Table 1) as well as in moving, dry air conditions (Table 2) . EWL was also studied in H. subterraneus at a range of high, controlled humidities in still air during the short term weight loss study. Results of an ANOVA of weight loss as a function of exposure relative humidity show that a significant inverse relationship exists. Weight changes of caged crickets during this short term (7 hr) study, however, were quite small and highly variable suggesting this protocol to be of severely limited experimental value. Since the 95% confidence interval for the slope of the least squares regression line includes zero, the regression equation given in the results section is quite tenuous and of highly questionable predictive value. It may well be fortuitous that projected EWL in water saturated air (1.26 mg/hr) agrees well with EWL determined from the long term weight loss studies (0.8 l-l .06 mg/hr; Table l), and calculated EWL in dry air (12.9 mg/hr) agrees with values found in moving, dry air (6.5-l 3.2 mg/hr; Table 2 ).
The only available comparative data on EWL in humid air appears to be that reported by Campbell (1980) Although many references on evaporative (transpiratory) water loss in arthropods exposed to dry air are available (Wigglesworth, 1945; Holdgate, 1956; Mead-Briggs, 1956; Vanier, 1977; Arlian and Veselica, 1979; and (t = 7.07, d .f. = 46; P < 0.001) but more than Teleogvyhs commodus (t = 7.15, d .f. = 25, P < 0.001). The mole cricket (Grrllozalpa austvalis) exhibits remarkably high EWL in dry air and would appear to be more susceptible to dehydration than the strictly cave-dwelling crickets which, in turn, lose transpiratory water more rapidly than leaf-litter or burrow utilizing crickets. While weight specific EWL of H. subtevvaneus and C. srygius fall nicely into expected levels, area specific EWL values are much lower than expected. Considerable discussion of the problems associated with determination of surface area of insects is available (see Wharton, 1985) . Using a method different from ours, Campbell (1980) established a relationship between body mass and surface area for two Australian cricket species (Endacusta sp., and Austvalotettix cavvaiensis) which are morphologically similar to H. subterraneus and C. stygius, respectively. Based on his equations, the surface area of H. subtevraneus would range from 503 to 516 mm' and C. stygius from 926 to 1043 mm2. Use of those calculated surface areas would bring surface area specific EWL parameters for H. subtevraneus and C. .st_rgius in close agreement with Campbell's data. Part of the reason that values projected from his equations are much lower than our measured values is Campbell's lack of inclusion of antenna1 and palp surface area in total surface area, however, there appears to be extreme variation in estimates of suface area within and between techniques used. Area specific EWL estimates are, therefore, much more variable and less reliable for comparison than weight specific EWL. It should be mentioned, however, that crop-empty body mass should be used since gut contents may weigh as much as the gut-empty body (Wightman, 1981; Studier et al.. 1986a) .
In summary, rates of water gain and loss in H.
suhterruneus are significantly greater than in C. St_!-gius due primarily to a greater rate of water gain m food and loss as EWL, respectively.
These observations correlate to differing behavior patterns in roosting and foraging seen in the two species. H. subterrclneus roosts in the constant water saturated or near-saturated conditions deeper in caves and forages sporadically outside caves only when low saturation deficits exist. C. stygius is able to roost in the more variable (in terms of relative humidity and temperature) conditions at cave entrances and can forage outside the cave refuge under a wider range of environmental conditions.
